Thermal irreversibility of the magnetization in Mn 5 Ge 3 epitaxial thin films on Ge(111) is reported. The frequency dependence of the ac susceptibility demonstrates a spin-glass-like behavior, despite the fact that the thin film is a single crystal. Such glassy behavior is attributed to the presence of a "ferromagnetically dead" layer with spin-glass-like properties at the Mn 5 Ge 3 /Ge interface, which results in frustrated interactions with the ferromagnetic Mn 5 Ge 3 . Moreover, it is shown that the magnetic phase diagram in the H -T plane of the glassy state is very sensitive to the growth conditions. Variation in the growth temperature and film thickness changes the spin-glass-like properties and the Curie temperature. The sensitivity of the glassy state to the growth conditions is related to the variation in the properties of the interfacial layer.
I. INTRODUCTION
The spin-glass phase is one of the most complex systems in solid-state physics for it lacks the long-range order due to the competitive interactions between randomly distributed spins [1] . Contrary to the ferromagnetic and paramagnetic phases, the spin-glass state is nonergodic. A noticeable feature of such a system is a spin-freezing process arising from the slow magnetization dynamics. Recently, the emergence of exchange bias was reported for spin-glass/ferromagnet hybrid systems [2, 3] . The exchange bias in spin glasses can lead to the unique property of inverted bias effect [3, 4] , which causes the exchange bias field to change its sign for a temperature range below the blocking temperature. Interactions of spin currents with spin glasses are also investigated actively [5] . Such phenomena are expected to play important roles in the wide range of future spintronics applications. One of the routes to form nanoscale spin-glass/ferromagnet systems is making use of the so-called naturally formed spin-glass layers. Recent studies have shown that a spin-glass behavior can arise at the surface or interface of a magnetically ordered phase, due to a surface effect or a translational symmetry breaking of the lattice [6] [7] [8] [9] [10] . This leads to spin frustration and competing magnetic interactions in the ordered phase. The understanding of such competing interactions at the surface or interface is of great importance because it can significantly alter the properties of magnetic thin films.
The Mn 5 Ge 3 ferromagnetic compound has been attracting much attention since single crystalline Mn 5 Ge 3 films that have Curie temperatures of about 295 K can be grown epitaxially on Ge(111) by solid phase epitaxy [11] [12] [13] [14] [15] [16] . High spin injection efficiency is expected from Mn 5 Ge 3 to Ge substrates [17] . In this paper, we demonstrate that Mn 5 Ge 3 in the form of a thin film on Ge(111) does not show simple ferromagnetism in the entire range of temperature below its Curie point. The zero-field-cooling (ZFC) and field-cooling (FC) curves indicate the presence of a thermal irreversibility in the magnetization. The characterization of the ac susceptibility * kitoh@appi.keio.ac.jp leads to the conclusion that the nature of the irreversibility is similar to that of a spin glass, despite the fact that no apparent signs of disorder or frustration can be found in such single crystalline thin films. The spin-glass-like behavior is attributed to the presence of a "ferromagnetically dead" layer at the Mn 5 Ge 3 /Ge interface. Indeed, thickness dependence of the ferromagnetism in Mn 5 Ge 3 /Ge(111) has shown that a thickness of approximately 1.7 nm of the thin film from the Mn 5 Ge 3 /Ge interface does not contribute to the total magnetic moment [18] . However, no magnetic characterization of such "ferromagnetically dead" layer was performed in the past. This work shows that the spin-glass nature attributed to the "dead" layer explains the frustrated interactions observed in the ferromagnetic part of the film. It is also shown that the temperature dependence of the stability of the spin-glass-like state in a magnetic field follows the de Almeida-Thouless line. Section II describes the experimental techniques and structural characterizations. Section III provides thorough experimental characterizations of the glassy state in Mn 5 Ge 3 on Ge(111). Finally, Sec. IV discusses the influence of the growth conditions on the thermal irreversibility of the magnetization.
II. EXPERIMENTAL DETAILS
The Mn 5 Ge 3 thin films were grown on Ge(111) substrates by solid phase epitaxy in a molecular beam epitaxy chamber, in which the base pressure was less than 10 −8 Pa. Three kinds of samples were studied in this work as presented in Table I . For each sample, a thin layer of Mn was deposited on a c(2 × 8) reconstructed Ge surface. A solid-state reaction between the Ge single crystal and the deposited Mn was induced by annealing the samples at 150
• C (samples A and C) or 200
• C (sample B) leading to the solid-state growth of single crystalline Mn 5 Ge 3 thin films. The annealing process yielded the well-established √ 3 × √ 3 structure of the Mn 5 Ge 3 (001) surface, as can be seen from the reflection highenergy electron diffraction (RHEED) patterns in Fig. 1(a • is the signal from Ge under Cu Kβ radiation originating from the x-ray source.
d Ge were evaluated from off-normal angle XRD measurements (not shown here).
The magnetic properties of the samples were measured by a superconducting quantum interference device (SQUID) magnetometer. Due to the high sensitivity of the Mn 5 Ge 3 thin films to the negative fields trapped in the superconducting magnet of the SQUID [20] , the residual fields were removed by using a fluxgate magnetometer in a magnetic shield of permalloy in order to perform ultra-low-field measurements.
III. CHARACTERIZATION OF THE THERMAL IRREVERSIBILITY OF THE MAGNETIZATION

A. Zero-field-and field-cooled magnetization curves
This section explores the temperature dependencies of the magnetization of sample A. The properties of samples B and C will be discussed in Sec. IV. The magnetic hysteresis curves of Mn 5 Ge 3 /Ge undergo a change in squareness depending on the temperature [21] . In the vicinity of the Curie temperature [ Fig. 2(a) ], the magnetization switching is mainly driven by irreversible domain-wall motion. However, at lower temperatures, the magnetization process is driven by coherent rotation [see Fig. 2(b) ]. The remanence ratio is close to unity near the Curie point, but decreases and stabilizes at a lower value (M R /M S 0.50) below 200 K. The strong variation in remanence ratio between 290 and 200 K suggests for a sudden change in the in-plane magnetic anisotropy or in the exchange interaction [22] . However, the sample orientation dependence of the ferromagnetic resonance spectroscopy in our recent work [21] detected no in-plane magnetic anisotropy in the Mn 5 Ge 3 thin films. The temperature dependence of the magnetization measured under the ZFC and FC conditions is shown in Fig. 3 . The ZFC and FC curves were measured by warming the sample from 10 to 350 K after cooling it from room temperature at zero and finite constant field, respectively. A thermal irreversibility clearly appears for fields below 2000 Oe, as evidenced by the nonzero difference between the FC and ZFC magnetizations. For each field, the presence of a Hopkinson maximum [23] [24] [25] is observed. The FC curves do not vary monotonously; they initially decrease with temperature and increase before reaching the maximum and finally decrease again once the maximum is passed, due to the transition to the paramagnetic phase. This behavior is related to the increase of magnetic domain wall mobility at low magnetic fields upon heating, thus leading to an increase in the ZFC magnetization activated by the thermal process. The results in Fig. 3 indicate that the interactions between spins become nonhomogeneous below a certain temperature depending on the applied field. Moreover, one can notice a kink in the magnetization at about 65 K for each FC curve as marked by an arrow in Fig. 3 . The position of this sudden increase in magnetization for decreasing temperature seems not to be field dependent, although the effect becomes weaker at higher fields. Its physical meaning will be discussed later. The thermal irreversibility in the ZFC and FC magnetizations shows that the ferromagnetic order in epitaxial Mn 5 Ge 3 on Ge(111) is affected by some glassy behavior.
In order to confirm the glassy behavior, the thermoremanent magnetization (TRM) was measured by cooling down from the paramagnetic state to a measurement temperature T m , in the field-cooling condition under the field of 800 Oe. Here, when T m was reached, the applied dc field was turned off and the magnetization was measured as a function of time. We have chosen two T m ,100 and 270 K, to test the glassiness of the system. The reference time corresponded to the time at which the magnetic field was removed. The decays of the thermoremanent magnetization for the two T m are best fitted with a logarithm function for the laboratory time scale, as seen in Fig. 4 , by using the following relation: where M 0 is a constant and S RM is the temperature-dependent magnetic viscosity [1] . Although successfully employed for some spin-glass systems [26] [27] [28] [29] , a stretched exponential function does not give any satisfactory fits in this case. The magnetic viscosity in the time dependence of the magnetization shown in Fig. 4 corresponds to the time lag between the changes in magnetization in response to the changes in the applied field. It occurs when energy barriers need to be overcome for the magnetization to decrease when the field is removed. Such slow decay of the TRM is consistent with a spin-glass-like behavior, for which the energy barriers are randomly distributed [29] [30] [31] [32] .
B. ac susceptibility of Mn 5 Ge 3
The ac susceptibility of the Mn 5 Ge 3 thin films was measured by applying a driving field H (t) = H ac cos(ωt), where H ac and ω/2π are the driving amplitude and driving frequency, respectively. Measurements of the real (χ ) and imaginary (χ ) parts of the susceptibility were performed with and without the bias dc field in the zero-field-cooling condition. The measurement at zero dc field in Fig. 5(a) clearly shows a divergent peak in the real part of the susceptibility at about 294 K. This temperature is consistent with the Curie point, therefore the peak matches with the paramagnetic (PM) to ferromagnetic (FM) transition. In addition to the sharp and intense peak at 294 K, a broad peak with less amplitude, whose maximum is located at about 275 K, is also observed. The presence of the maximum in the imaginary part at a temperature slightly lower than that of the real part indicates the presence of a relaxation process. Interestingly, the imaginary part of the ac susceptibility at zero dc field is of the same order of magnitude as that of the real part, and actually is larger in the absolute value. To our knowledge, no previous work reported the contribution of the out-of-phase term being higher than that of the in-phase term. The imaginary part represents the magnetic loss or irreversible process induced by absorption of energy from the ac magnetic field. In the present case, some unusual energy dissipation may be occurring at the irreversibility point. In the Mn 5 Ge 3 thin film, both real and imaginary parts are sensitive to the presence of a superimposed dc field that is as small as 2 Oe [see Fig. 5(b) ]. Due to the bias dc field, the intensity of the peak of the PM to FM transition substantially decreases, and what was seen as a small broad peak in Fig. 5 (a) appears as a distinct feature in Fig. 5(b) . The imaginary part of the susceptibility in Fig. 5(b) is reduced to one order of magnitude smaller than that of the real part. The maximum of the secondary peak in the real part of the susceptibility is slightly shifted to lower temperature (∼265 K) in the presence of the static field. This observation is consistent with the fact that the irreversibility temperature decreases with increasing fields (see Fig. 3 ). In Figs. 5(c) and 5(d), it is evidenced that the ac susceptibility is dependent on the frequency of the driving field, which is a sign of slowing down in the magnetization dynamics. In Fig. 5(d) , the peak at 294 K is independent on frequency, which is expected for a transition to a long-range-ordered phase (PM to FM). On the other hand, the maximum of the secondary peak shifts towards higher temperatures with increasing frequencies, which is a common feature seen in spin glasses [33] . In summary, the results in Fig. 5 suggest that when the Mn 5 Ge 3 thin film is cooled down from room temperature, it undergoes the PM to FM transition at 294 K. Further decrease in temperature leads to a slow magnetization dynamics occurring in the immediate vicinity of T C at low fields.
The scaling laws are employed in order to quantify the frequency dependence of the spin-glass transition temperature T F . Here, the shift in the spin-glass transition temperature (δT F ) per decade of frequency is given by
From Fig. 5(d) , we estimate δT F 0.005. Previous reports stated that δT F usually ranged from 0.0045 to 0.06 for canonical spin glasses (e.g., CuMn), and δT F 0.1 for systems with noninteracting clusters, such as superparamagnets [33] [34] [35] [36] [37] . Consequently, the value of δT F expected for our system is of the same order of magnitude as that of a canonical spin glass. The hypothesis on the spin-glass-like behavior in our system is further supported by the fit of the frequency dependence of the susceptibility maxima using the critical exponent law
where 1/τ = ω/2π is the driving frequency, τ crit 0 is the characteristic relaxation time for a single spin flip, T SG is the spin-glass transition temperature at zero frequency, and zν is the dynamical exponent. Figure 6 k B are the activation energy and the Boltzmann constant, respectively.) This invalidity of the Arrhenius law is consistent with the fact that the epitaxial Mn 5 Ge 3 thin film does not contain any noninteracting magnetic clusters [34] . In order to take into account that the spins in the glassy state are interacting with each other and obtain the estimation of the activation energy, we employ the following phenomenological Vogel-Fulcher law:
where τ 0 has the same physical meaning as τ crit 0 , and T 0 is the empirical Vogel-Fulcher temperature, often interpreted as being related to the strength of the exchange interaction in the material [35, [39] [40] [41] [42] . The best fit, shown in Fig. 6(b [33, 34, 37] . The relationship between the Vogel-Fulcher law and the critical exponent was established in Ref. [39] . Here, one can find the dynamical exponent using the activation energy
This relation gives zν 7, which is close to 6.5 obtained directly by the critical exponent analysis. The dependence of the onset of irreversibility on the applied dc field is calculated using the onset of nonzero difference between the FC and ZFC magnetizations. The ac susceptibility vanishes at fields as small as a few Oe, thus making it difficult to probe the properties at higher fields. For Ising spin glasses, the mean-field theory predicts the existence of a transition line in the H -T plane referred to as the de Almeida-Thouless (AT) line [43] [44] [45] [46] . The AT relation is derived from the Sherrington-Kirkpatrick theory describing the free energy of spin glasses [47] . The field dependence of the onset of irreversibility [9, 47, 48 ] can be analytically written as
where J is the width of distribution of exchange energy interaction and T F (H = 0) is the glass transition temperature at zero field. A reasonable fit with the theoretical AT line is found for our material and gives a zero-field spin-glass-like transition temperature T F (H = 0) 275 K, as can be seen in Fig. 6(c) . The resulting phase diagram in the H -T plane is shown in Fig. 7 . The AT line normally represents the critical points for transition between an ergodic phase to a nonergodic phase, with no change in the symmetry [44] [45] [46] . Therefore, the AT line separates a spin-glass phase (nonergodic) from a paramagnetic phase (ergodic). Thus, one can see that, for the almost entire range of temperature from 0 K to T C , the FM order of Mn 5 Ge 3 overlaps with the stability domain of the spin-glass-like state, provided that the magnetic field is low enough. The Curie temperature is barely 20 K above the zero-field spin-glass transition temperature. This means there is a small range of temperature (between 275 and 294 K), for which the system behaves as a pure ferromagnet. This observation explains why in the vicinity of the Curie temperature, the magnetization hysteresis curve [see Fig. 2(a) ] has a high remanence ratio, due to the high intrinsic in-plane anisotropy of the ferromagnetic phase in the thin film. Below T F (H = 0) 275 K, the hysteresis has a weaker remanence ratio [see Fig. 2(b) ] due to the influence of a spin-glass-like state.
The previous results are actually not sufficient to claim that the Mn 5 Ge 3 thin film undergoes a true spin-glass phase transition. We can only claim that the behavior under the AT line is spin-glass-like. In order to determine whether an actual spin-glass phase transition takes place or not, it is necessary to measure the nonlinear susceptibility of the sample. Unfortunately, the magnitude of the linear susceptibility is already quite small, and because of the fact that the nonlinear contribution is at least one order of magnitude smaller, the nonlinear susceptibility measurement is difficult in the present case.
C. Possible origin of the spin-glass-like behavior
Since the coexistence of the frustration and randomness is required for the spin-glass behavior, observation of the magnetic irreversibility in the single crystalline, i.e., ordered Mn 5 Ge 3 , is somewhat puzzling. However, as mentioned earlier, Mn 5 Ge 3 on Ge(111) has a "ferromagnetically dead" layer at the Mn 5 Ge 3 /Ge interface [18] . Therefore, it is possible that this "dead layer," resulting most likely from the intermixing between the ferromagnetic Mn 5 Ge 3 and Ge and from the lattice mismatch between the two materials, can possess the disorder needed for the spin-glass-like behavior, especially since there has been a previous report that disordered Mn-Ge compounds could demonstrate the spin-glass behavior [49] . Thus, the hypothesis here is that the system is actually made of two magnetic layers, one of which is ferromagnetic and the other is spin glass. The overall glassy behavior of the sample is due to the interaction between the ferromagnetic Mn 5 Ge 3 with the thin spin-glass-like region. By using samples grown in the same conditions as samples A and C with different thicknesses, we estimated the thickness of the "ferromagnetically dead" layer to be 1.9 ± 0.2 nm. The presence of the sudden increase in magnetization at 65 K for decreasing temperature in Fig. 3 can be seen as the consequence of the exchange coupling at the interface between the spin-glass region and the FM phase. The kink in the FC magnetization happens at a temperature that is relatively low compared to the zero-field spin-glass-like transition temperature. In previous reports, a noticeable feature of many metallic spin glasses (such as CuMn, AgMn, AuFe, Ni-Mn alloys) was the occurrence of unidirectional anisotropy [50] [51] [52] [53] [54] [55] for T T F (typically T < T F /3, see Ref. [50] ). In our case, the presence of a lowtemperature unidirectional anisotropy can create an additional easy axis in the FM phase along the applied field during the FC process, thus increasing the magnetization below a certain temperature. A widely used criterion for evaluating the presence of a unidirectional anisotropy is the presence of an exchange bias field. However, in our case the spin-glass region may be too small to induce a measurable exchange bias field in the FM region. Such a low-temperature kink in the FC magnetization has also been observed below the spin-glass transition temperature in ferromagnetic systems that share interfaces with spin glasses, such as γ −Fe 2 O 3 , La 2/3 Sr 1/3 MnO 3 , and La 0.7 Ca 0.3 MnO 3 , and the behavior was attributed to the effect of spin-glass interfaces [7, 9, 10, 56] . In Refs. [7, 9, 10] , the magnetization kink was also the onset of exchange bias. In addition, temperature-dependent magnetization curves measured at fields as high as 10 4 Oe have no kink at 65 K. The kink in the FC magnetization is visible only below the AT line, which confirms its relationship to the spin-glass-like state.
The irreversible behavior of the thermal magnetization in the Mn 5 Ge 3 /Ge(111) heterostructure can be explained as follows. Under the ZFC condition, the directions of the spins in the spin-glass region are randomly oriented and thus the spins in the spin-glass region are randomly coupled with the spins of the FM region near the interface. Such random coupling makes the motion of the domain walls unfavorable. As a result, for decreasing temperature the ZFC magnetization becomes small (Fig. 3) and the coercive field becomes large [ Fig. 2(b) ]. Under the FC condition, the directions of the spins in the spin-glass region tend to align more with the external field, so the randomness in the magnetic coupling between the FM and the spin-glass regions is diminished. Consequently, the magnetic domains move more easily, allowing the FC magnetization to become large. However, the coercivity remains large because the directions of the spins in the spin-glass region are still random, even under the FC condition.
Since the scaling laws showed that the spin-glass-like region at the Mn 5 Ge 3 /Ge interface behaves like a canonical spin glass, it is reasonable to assume that this region is made of Mn atoms embedded in a Ge-rich phase, thus making a case comparable to the above-mentioned spin glasses. Considering that the interactions between Mn atoms in the spin-glass region are mediated by conduction electrons, the Ruderman-KittelKasuya-Yoshida (RKKY) model [51, 52, 57, 58] allows to evaluate the freezing temperature as follows [57] , where V 0 is the RKKY coupling constant, S is the spin of Mn, and d is the average distance between Mn atoms. Consequently, the high spin-glass transition temperature in our system can be interpreted as the fact that the average distance between Mn atoms in the spin-glass region is relatively small.
Assuming that the "dead layer" or spin-glass-like layer originates from the interdiffusion at the interface during the solid phase epitaxy, it would be natural to consider that its properties are dependent on the thin film growth conditions. The magnetic properties of samples B and C (described in Table I ) are discussed in the following section. Although the structural characterizations of samples B and C give the same results as those for sample A, the annealing temperature employed for the solid phase epitaxy and the film thickness have an influence on the thermal irreversibility of the magnetization in Mn 5 Ge 3 on Ge(111).
IV. INFLUENCE OF THE GROWTH CONDITIONS ON THE THERMAL IRREVERSIBILITY
A. Influence of the annealing temperature for the solid phase epitaxy Sample B was fabricated using a higher annealing temperature than that for sample A. The ZFC and FC magnetizations behavior of sample B [ Fig. 8(a) ] is substantially different from the ones shown for sample A in Fig. 3 . The temperature dependence of the real part of the susceptibility [ Fig. 8(b) ] has distinct features from the case of sample A; the Curie point is lower than that of sample A by four degrees (T C 290 K).
From the ZFC and FC curves, one can see that the onset of irreversibility, marked by T irr , occurs at a temperature higher than the Curie point. This is a consequence of the higher growth temperature, which broadens the spin-glass transition temperature region, as evidenced by the observation of a frequency dependence of the real part of the susceptibility both below and above T C in Fig. 8(b) . Thus, a small portion of the spin-glass region has a transition temperature at around T irr but a large portion of the spin-glass region has its transition at around T F . As for sample A, the difference between the ZFC and FC magnetizations is due to the interaction between the spin-glass region and the FM region. The weak irreversibility just below T irr in the ZFC and FC curves may be attributed to the sole contribution of the spin-glass region, which has a smaller size compared to the overall size of the sample. The difference between the FC and ZFC magnetizations becomes significant when Mn 5 Ge 3 enters the FM phase. From the data in Fig. 8(b) , we obtain δT F 0.005, which is in agreement with sample A. As for sample A, the low-temperature kink in the FC magnetization is visible in sample B, accounting for the same effect discussed above. However, the onset of the kink in sample B is at about 80 K, which is higher than that of sample A.
B. Influence of the thickness
Sample C is grown in the same conditions as sample A but its thickness is larger. Similar to sample B, the spin-glass region in sample C shows the transition from PM to spin-glass above the Curie temperature of the FM phase [see Fig. 9(a) ]. This is confirmed by the relative positions of the two maxima in the real part of the susceptibility [ Fig. 9(b) ], from which we estimate T C 288 K and T irr = 295 K. The position of the maximum of χ shows that the most visible relaxation process occurs just below T C , while no maximum of comparable magnitude is present in the vicinity of T irr . So, the main relaxation process occurs in the FM state. This behavior is similar to that of sample B. A sudden increase of FC magnetization is observed at 80 K as well. The main feature of sample C is the larger difference between the FC and ZFC magnetizations at low temperature, compared to the case of sample A. This is due to the fact that the ferromagnetic volume in sample C is larger than that in sample A, but the spin-glass volume around the interface is kept the same in both cases.
Despite demonstrating the quantitative variation in the magnetic properties depending on the growth conditions, samples A, B, and C share common traits, which are the presence of the slow magnetization relaxation close to the Curie point and the low-temperature kink in the FC magnetization. The susceptibility measurements for samples B and C imply that the spinglass region alone is too small to induce a visible maximum in χ , however, for decreasing temperature, a clear slow magnetization dynamics is obtained when the FM state is reached, thus evidencing the interaction between the two regions. In sample A, since the spin-glass transition occurs below the Curie point, the slow dynamics is obtained at the transition point, i.e., T irr and T F are identical for sample A. The origin of the spin-glasslike behavior itself is extrinsic to the ferromagnetic Mn 5 Ge 3 thin film. However, the spin-glass-like nature of the interface layer significantly affects the temperature-dependent behavior of the magnetization of the Mn 5 Ge 3 /Ge(111) heterostructure. It was reported in previous literatures [18, 59, 60] that the remanence ratio decreased with increasing thickness for both in-plane and perpendicular magnetizations. Since the easy axis of the bulk material is along the hexagonal c axis, one would expect larger perpendicular remanences for larger thicknesses of thin films. The interfacial glassy behavior shown in this work is very likely to explain the great differences between the bulk material and Mn 5 Ge 3 films on Ge(111) at higher thicknesses.
V. SUMMARY AND CONCLUSION
Mn 5 Ge 3 epitaxial thin films on Ge(111) do not show a simple ferromagnetic ordering expected for the bulk Mn 5 Ge 3 . Films grown at 150
• C via solid phase epitaxy undergo a transition to a spin-blocked state, for which the transition temperature at zero field is relatively close to the Curie point. The analysis of the ac susceptibility indicates that the spinblocked state is spin-glass-like. Such transition to the glassy state explains the very different shapes of the magnetization cycles in the vicinity of T C from the ones at low temperature. This spin-glass-like behavior is attributed to the presence of a "ferromagnetically dead layer" or more directly the spin-glass-like layer at the Mn 5 Ge 3 /Ge interface that is formed during the solid phase epitaxy process. Thus, the Mn 5 Ge 3 film is separated into two layers, one of which is ferromagnetic.
The spin-glass-like nature attributed to the interface-side layer explains the presence of the thermal irreversibility in the magnetization due to the frustrated interactions with the ferromagnetic Mn 5 Ge 3 . The spin-glass-like nature for the "ferromagnetically dead layer" is supported by the scaling laws. The fact that the magnetization irreversibility in Mn 5 Ge 3 thin films is affected by the growth temperature and the thickness of the FM region, while the structure of the Mn 5 Ge 3 layer remains the same, supports the hypothesis on a variation of magnetic properties due to the Mn 5 Ge 3 /Ge interface rather than the FM region. At higher growth temperature (200
• C), the Curie point becomes slightly lower and the irreversibility occurs above T C . For a larger thickness (33 nm), the irreversibility also occurs above T C , but the FC and ZFC magnetizations show the larger difference at low temperatures. Despite the FM behavior at high temperature and the glassy state at low temperature, the system is much different from a reentrant spin glass because of the extrinsic character of the spin-glass state.
